The bacterium Yersinia entomophaga is pathogenic to a range of insect species, with death typically occurring within 2 to 5 days of ingestion. Per os challenge of larvae of the greater wax moth (Galleria mellonella) confirmed that Y. entomophaga was virulent when fed to larvae held at 25°C but was avirulent when fed to larvae maintained at 37°C. At 25°C, a dose of ϳ4 ؋ 10 7 CFU per larva of a Y. entomophaga toxin complex (Yen-TC) deletion derivative, the Y. entomophaga ⌬TC variant, resulted in 27% mortality. This low level of activity was restored to near-wild-type levels by augmentation of the diet with a sublethal dose of purified Yen-TC. Intrahemocoelic injection of ϳ3 Y. entomophaga or Y. entomophaga ⌬TC cells per larva gave a 4-day median lethal dose, with similar levels of mortality observed at both 25 and 37°C. Following intrahemocoelic injection of a Yen-TC YenA1 green fluorescent protein fusion strain into larvae maintained at 25°C, the bacteria did not fluoresce until the population density reached 2 ؋ 10 7 CFU ml ؊1 of hemolymph. The observed cells also took an irregular form. When the larvae were maintained at 37°C, the cells were small and the observed fluorescence was sporadic and weak, being more consistent at a population density of ϳ3 ؋ 10 9 CFU ml ؊1 of hemolymph. These findings provide further understanding of the pathobiology of Y. entomophaga in insects, showing that the bacterium gains direct access to the hemocoelic cavity, from where it rapidly multiplies to cause disease.
T
he Gram-negative bacterium Yersinia entomophaga was isolated from the cadaver of a Costelytra zealandica (Coleoptera: Scarabaeidae) larva, and has proven consistently pathogenic by per os challenge to this host, as well as to a wide range of coleopteran, lepidopteran, and orthopteran species (1) . A 6-day median lethal dose (LD 50 ) was determined as 2.9 ϫ 10 4 Y. entomophaga cells per C. zealandica larva. Following per os challenge with a bacterial dose of ϳ1 ϫ 10 7 Y. entomophaga cells per larva, the larvae typically vomited, expelled frass pellets, changed color from a healthy gray to amber and then a moribund brown, and exhibited reduced feeding activity. By 48 h postingestion, Y. entomophaga cells could be visualized within the hemocoelic cavity of the larvae, after which time death ensued (2) .
The main virulence determinant of Y. entomophaga is an insect-active toxin complex (TC) derivative termed "Yen-TC" (3) . TCs were first identified in the genome of Photorhabdus luminescens (4) and have since been identified in other bacterial genera, including members of the genus Yersinia (5) . Typically, TCs are comprised of three proteins, TC-A, TC-B, and TC-C, which combine to form the insect-active complex (6) . Yen-TC is comprised of seven subunit proteins: two TC-A-like proteins (YenA1 and YenA2), a TC-B-like protein (YenB), two TC-C-like proteins (YenC1 and YenC2), and two chitinases (Chi1 and Chi2), which combine to form the insect-active TC. Recent structural analysis has revealed that both the Yen-TC and the P. luminescens TC-A (TcdA1) form a pentameric cage (7, 8) , which in the case of Yen-TC is decorated with functional chitinases (8, 9) . Histological studies assessing the per os effect of purified Yen-TC on C. zealandica larvae have shown that Yen-TC causes generalized dissolution of the larval midgut in the first 24 h after infection (10) . We have proposed that this Yen-TC-mediated dissolution of the gut allows Y. entomophaga to gain access to the hemocoelic cavity (2) .
Temperature influences TC production in Yersinia species. For example, the TC of Yersinia pseudotuberculosis IP32953 was produced at 28 to 37°C, but levels were reduced when the bacterium was grown at 15 to 20°C (11) . For Yersinia enterocolitica W22703, temperatures below 30°C were optimal for TC gene expression (12) . Y. entomophaga produced large amounts of Yen-TC when cultured at 25°C, but the toxin was not detected in significant amounts in either the cell pellet or the culture supernatant at 37°C (3). However, sonicated filtrates derived from Y. entomophaga cultures grown at either 25 or 37°C were still insect active, suggesting temperature-dependent release of Yen-TC from the cell (3) .
Larvae of the greater wax moth Galleria mellonella have been widely adopted as a model system for assessing host-pathogen interactions (13, 14) . G. mellonella possesses specialized phagocytic cells termed hemocytes; these are similar to macrophages and can encapsulate invading bacteria and produce a range of bactericidal compounds (16, 17) . Hemocytes also initiate the phenoloxidase (PO) cascade, resulting in melanization (18) . The limited seasonal availability of C. zealandica larvae and their inability to survive at 37°C make them unsuitable for laboratory studies. In contrast G. mellonella larvae are easily reared and can be maintained at a range of temperatures in the laboratory (42) . As such these larvae are ideal for use in bioassays examining the effect of temperature on virulence of Y. entomophaga.
Several Yersinia species have been assessed for lethality following direct injection into the hemocoelic cavity of G. mellonella larvae. Fuchs et al. (5) (19) . In the case of Y. entomophaga, only the injection of semipurified Yen-TC into the hemocoelic cavity of G. mellonella larvae has been assessed, where a median 5-day lethal dose of 35 ng was observed (3) .
In this study, we assessed the virulence of Y. entomophaga and its Yen-TC deletion (⌬TC) derivative by per os challenge or by intrahemocoelic injection into G. mellonella larvae, which were subsequently maintained at either 25 or 37°C. We also examined whether the per os activity of the Y. entomophaga ⌬TC variant could be restored by augmenting the larval diet with purified Yen-TC.
MATERIALS AND METHODS
Culture methods. Table 1 lists the bacterial strains and plasmids used in this study. Unless otherwise stated, Escherichia coli strains and Y. entomophaga and its derivatives were grown on Luria-Bertani (LB) agar or in LB broth (15) overnight at 37°C (E. coli) or 30°C (Y. entomophaga) with shaking at 250 rpm in a Raytek orbital incubator, producing a cell density of ϳ3 ϫ 10 9 CFU ml Ϫ1 . The antibiotics used for selection in the cloning experiments were added to the culture medium at the following concentrations for Y. entomophaga/E. coli: ampicillin, 400/100 g ml Ϫ1 ; chloramphenicol, 90/30g ml Ϫ1 ; spectinomycin, 100/100 g ml Ϫ1 ; and tetracycline, 30/15 g ml Ϫ1 . To enumerate bacterial cells, 10-fold serial dilutions were prepared in sterile distilled water, and aliquots were plated onto LB agar. Plates were incubated at 30°C for 48 h, and the resultant colonies were counted. Y. entomophaga was validated by patching 100 randomly selected colonies onto Orientation ChromAgar (Fort Richard Laboratories, Auckland, New Zealand) and incubation for 24 h at 25°C. Y. entomophaga colonies appeared purple following incubation. When required, a subset of these bacterial colonies was further validated by PCR using the Y. entomophagaspecific primers YENUF and YENUR (Table 2) .
General DNA techniques. Standard DNA techniques were performed as described by Sambrook et al. (15) . Genomic DNA was prepared using a Genomic DNA prep kit (SolGent, Daejeon, South Korea). Plasmids were electroporated into Y. entomophaga or E. coli strains using a Bio-Rad Gene Pulser (25 F, 2.5 kV, and 200 ⍀) (20) . The primers used in this study are listed in Table 2 . PCR products and plasmid templates were purified using a High Pure PCR product purification kit and a High Pure plasmid isolation kit (Roche Diagnostics GmbH, Mannheim, Germany), respectively. Sequences were assembled using SeqMan (DNASTAR, Inc., Madison, WI).
Construction of the Y. entomophaga yenA1-gfp gene fusion. To construct the Y. entomophaga yenA1-gfp gene fusion, the primers YENA1F (containing an EcoRI site) and YENA1R (containing an NdeI site) were used to amplify a fragment extending 639 bp 5= and 10 bp 3= of the yenA1 initiation codon. In a separate reaction, gfp was amplified using the primer pair GFPF/GFPR, producing a 733-bp amplicon flanked by a 5= NdeI site and a 3= EcoRI site. Both PCR amplicons were then independently digested with NdeI and ligated together. An aliquot of the resultant ligation was then used as the template for a subsequent PCR using the primer pair YENA1F/GFPR, resulting in a 1,382-bp amplicon containing the Y. entomophaga yenA1-gfp fusion. The amplicon was digested with EcoRI and ligated into the analogous site of the suicide plasmid pJP5608 to form pPROA1GFP. Electrocompetent E. coli S17-1 pir ϩ was transformed with pPROA1GFP, allowing homologous recombination via conjugation (21) , using Y. entomophaga as the recipient strain. The orientation of the recombined yenA1-gfp fragment was validated using the external primer CHIF, located 766 bp upstream of the yenA1 initiation codon, and primer GFPR. An isolate producing the expected 1,509-bp amplicon was designated Y. entomophaga YENA1GFP.
Insects and bioassays. For per os challenge bioassays, 0.1 g of general diet (22% maize meal, 22% wheat germ, 11% dry yeast, 17.5% beeswax, 11% honey, and 11% glycerin) was placed in a petri dish. Unless stated otherwise, 80 l of a resuspended overnight culture of either Y. entomophaga or its Y. entomophaga ⌬TC Yen-TC deletion derivative were pipetted onto the surface of the 0.1 g of diet (ϳ2.4 ϫ 10 8 CFU) and allowed to absorb for 15 min at ambient temperature. Six fifth-instar G. mellonella larvae (Biosuppliers, Auckland, New Zealand) were placed into the petri dish, which was then covered with the lid. The plates were transferred into a bag containing moistened tissue paper, and the bag was sealed and transferred to an incubator at the appropriate temperature. Larvae fed untreated diet were used as a negative control. If more than one larva died in the negative-control group, the experiment was terminated. Unless stated, all bioassays were randomized and performed three times using four replicates. The larvae were observed daily for progression of disease and feeding activity.
Dose-response analysis of per os challenge and intrahemocoelic injection. For dose-response analysis, a dilution series of either Y. entomophaga or Y. entomophaga ⌬TC cells grown at 30°C was prepared in sterile distilled water, and the undiluted neat culture was defined as the maximum per os challenge (augmentation of 0.1 g of diet with ϳ2.4 ϫ 10 8 CFU of Y. entomophaga or its derivatives). A bioassay using these dilutions was then performed as described above. The 5-day LD 50 was determined postingestion by calculating the approximate percentage of the dosed food consumed within 24 h relative to the initial dose divided by the number of larvae per treatment.
To assess the ability of Y. entomophaga and the Y. entomophaga ⌬TC variant to establish infection following intrahemocoelic injection, 10-l doses of serial dilutions were independently injected into the third proleg of G. mellonella larvae using a 30-gauge needle. An equal volume of each dilution was plated on LB agar without antibiotics to determine the CFU per dose.
Complementation of Y. entomophaga ⌬TC variant with purified Yen-TC. Production and purification of Yen-TC were performed as previously described (8) . To limit variability between insects and the potential amount of diet consumed in each assay, these experiments were run in parallel. The artificial G. mellonella diet was supplemented with 40 l of a per os dose of Y. entomophaga or the Y. entomophaga ⌬TC variant (augmentation of 0.1 g of diet with ϳ1.2 ϫ 10 8 CFU) grown at 30°C. The Y. entomophaga ⌬TC variant was used either independently or in combination with 40 l of a range of Yen-TC dilutions encompassing 0.01 to 30 ng/l of Yen-TC. Where the Yen-TC treatment alone gave greater than 30% mortality at day 5, it and its Yen-TC-complemented Y. entomophaga ⌬TC counterpart were removed from subsequent statistical analyses. In treatments where no Yen-TC was added, 40 l of sterile distilled water was used in its place.
Assessment of the G. mellonella hemocoelic fluid for Y. entomophaga and its variants. To monitor the fate of Y. entomophaga and its derivatives in the insect hemocoel, hemocoelic fluid from larvae challenged with either a maximum per os dose or by intrahemocoelic injection of 10 to 100 CFU per larva was assessed by light and fluorescence microscopy. Hemocoelic fluid was assessed for the duration of the infection, with samples taken at 24, 48, and 72 h postingestion and then daily to 48 h after the larva became blackened and moribund. To remove hemolymph, a 20-gauge needle was inserted into the hemocoel through the dorsal cuticle, and a 3-to 5-l aliquot of hemolymph was withdrawn and added to an equal volume of ice-cold anticoagulant solution (22) . Samples were then observed under an Olympus BX50 light microscope with a BX-FLA reflected-light fluorescence attachment and an Olympus U-UV fluorescence cube for green fluorescent protein (GFP)-modified cells.
To calculate the hemocoelic load of Y. entomophaga or its derivatives, three independent 7-to 10-l aliquots were withdrawn from the hemocoelic cavity of separate larvae using a 20-gauge needle at various time points throughout the course of these experiments. The aliquots were then serially diluted in sterile distilled water, and the dilutions were plated on LB agar without antibiotics to enumerate the bacteria. Following maximum per os challenge, at various time points, a random subset of three whole larvae were removed from the appropriate treatment and assessed for the presence of Y. entomophaga by direct plating of whole serially diluted larval macerates on LB agar with no added antibiotics.
Confocal microscopy of G. mellonella hemocytes postinjection with Y. entomophaga(pGFPuvsp) or purified Yen-TC. G. mellonella larvae were injected in the third proleg with either 10 l [ϳ1,000 Y. entomophaga(pGFPuvsp) cells], or approximately 400 ng, of purified Yen-TC or with sterile distilled water as a control. At 2 to 4 h postinjection, hemolymph was removed and added to an equal volume of ice-cold anticoagulant solution. When required, an equal volume of SYTO 9-propidium iodide (PI) stain (LIVE/DEAD BacLight kit; Invitrogen, Carlsbad, CA) was added to the sample, and the mixture was incubated at ambient temperature for 3 min. To enhance visualization of subcellular organelles, carboxy-seminaphtharhodafluor (SNARF) (SNARF-1, acetoxymethyl ester, acetate [Invitrogen]) was added directly to the hemolymph samples on a slide to a final concentration of 10 M. Treated hemocoelic fluid was examined using a Leica TCS SP5 confocal laser scanning microscope excited with an argon laser at 488 nm. The emission bands were 500 to 540 nm for GFP and 570 to 700 nm for SNARF.
PO assay. Larvae were independently injected with 10 l of Y. entomophaga or E. coli (DH10B) (ϳ1,000 cells), with ϳ150 ng of purified Yen-TC into the third proleg, or with sterile distilled water as a control. Hemolymph was collected at 5 and 24 h postinjection by insertion of a 20-gauge needle into the larval abdomen, and 15 l of outflowing hemolymph was immediately transferred to a prechilled microcentrifuge tube. Hemocytes and debris were removed by centrifugation at 4,000 ϫ g for 10 min at 4°C. The resulting supernatant was transferred to a fresh prechilled microcentrifuge tube and stored at Ϫ20°C until required. PO activity was measured according to the method of Andrejko et al. (23) using a flatbottom 96-well plate and a prewarmed (30°C) BMG Fluostar Omega microplate reader (BMG Labtech GmbH, Ortenberg, Germany). The change in absorbance was read at 490 nm at 1-min intervals over 40 min. The sample measurements were analyzed using Omega MARS data software (BMG Labtech GmbH). Control wells contained either hemolymph alone or all components, excluding the hemolymph.
In vitro assessment of Y. entomophaga YENA1GFP fluorescence and cell morphology of Y. entomophaga at 25 and 37°C. Y. entomophaga and Y. entomophaga YENA1GFP were independently grown in LB broth at either 25 or 37°C with shaking at 250 rpm in a Raytek orbital incubator. Cells were assessed for fluorescence at the exponential and stationary phases. Transmission electron microscopy was performed with a Zeiss 902 transmission electron microscope (80 kV) with cells from an exponential-phase culture stained with 2% phosphotungstic acid.
Statistical analysis. Per os and intrahemocoelic dose-response analysis and cumulative mortality were assessed using a standard probit modeling approach (24) . Daily mortality rates for G. mellonella larvae following per os inoculation were analyzed using various parametric survival functions: Weibull, normal, log normal, exponential, logistic, and log logistic. The time taken to reach 50% mortality (LT 50 ) was then estimated from the function that most closely followed the mortality rates (25) . PO activity was assessed, and results were compared between treatments by a linear mixed model using statistical software SAS version 9.3 (January 2015 [SAS Institute, Inc.]).
RESULTS
Per os virulence of Y. entomophaga and the Y. entomophaga ⌬TC variant in G. mellonella larvae. When G. mellonella larvae were challenged with a per os dose of ϳ2.4 ϫ 10 8 CFU of Y. entomophaga, 97.9% Ϯ 3.7% (mean Ϯ standard error of the mean [SEM]) of the larvae died by day 5, when larvae were maintained at 25°C (Fig. 1A) . During this time, the larvae changed in color from cream to blackish-brown. The larvae consumed ϳ70% of the diet within 24 h, while over the same period, untreated larvae consumed all of the available diet. Dose-response analysis determined a mean Ϯ SEM 5-day per os LD 50 of (4.78 Ϯ 0.16) ϫ 10 5 CFU of Y. entomophaga per larva, with a per os challenge of ϳ2.4 ϫ 10 8 CFU of Y. entomophaga, giving an LT 50 of 2 days (Fig. 1A and B) . Over the same period, diet augmented with ϳ2.4 ϫ 10 8 Y. entomophaga ⌬TC cells was required to elicit an effect, where 27.1% Ϯ 11.5% of the larvae died by day 5 (Fig. 1A) . This dose was too high to allow determination of the per os LD 50 .
In a separate experiment, 15.6% Ϯ 4.6% of the larvae died when provided with diet containing ϳ2.4 ϫ 10 8 CFU, and larvae were maintained at 37°C. All of the diet provided was consumed within 24 h. In contrast, 93.1% Ϯ 3.0% of the larvae maintained at 25°C died, and ϳ70% of the diet was consumed within 24 h. Assessment of larval macerates from a subset of healthy larvae (maintained at 37°C) at 36 h post per os challenge of 2.4 ϫ 10 8 CFU revealed either nil or fewer than 1,000 Y. entomophaga cells per larva, with more than 99% of the bacterial population being unidentified species (data not shown).
Augmentation of diet with Yen-TC restores per os Y. entomophaga ⌬TC variant activity. To determine whether supplementation of the larval diet with purified Yen-TC could restore per os activity of the Y. entomophaga ⌬TC variant when the larvae were maintained at 25°C, we first defined the basal Yen-TC dose required to cause between 20 and 30% mortality over a 5-day period. Diet augmented with ϳ640 ng of purified Yen-TC was sufficient to kill 98% of the G. mellonella larvae (ϳ75 ng per larva), while the incorporation of ϳ56 ng into the larval diet (ϳ6.4 ng per larva) caused Ͻ30% mortality over the 5-day period (Fig. 1C) . The subsequent augmentation of 56 ng of Yen-TC in a diet containing ϳ1.2 ϫ 10 8 CFU of the Y. entomophaga ⌬TC variant restored the efficacy of the bacterium to 86% Ϯ 9% mortality (Fig.  1C ). This level of mortality was at least 2 times greater than the combined sum (41.2%) of each independent treatment (Y. entomophaga ⌬TC variant, 14.6%; Yen-TC, 26.6%) and close to the level of mortality achieved when larvae were treated with the wildtype strain (97.9%). (Fig. 1D) . When ϳ5 cells per larva were delivered by intrahemocoelical injection, there was no significant difference in the rates of mortality when the G. mellonella larvae were maintained at either 25 or 37°C (Table 3) .
Determination of the intrahemocoelically injected median
Microscopy of G. mellonella larval hemocoelic fluid. Fluorescence microscopy was carried out on hemocoelic fluid extracted from larvae challenged with a per os dose of ϳ2.4 ϫ 10 8 Y. entomophaga(pGFPuvsp) CFU per larvae. In larvae maintained at 25°C, low numbers of Y. entomophaga cells were present at 24 h postinfection, with some bacteria associated with hemocytes ( Fig.  2A) . As the number of bacteria increased, the number of hemocytes declined. Larvae became moribund and black in appearance at 48 h. At this time, Y. entomophaga(pGFPuvsp) made up the bulk of the hemocoelic fluid, with multiple irregular cell forms observed (Fig. 2B to D) .
To further investigate the fate of Y. entomophaga or its derivatives in the insect hemocoelic cavity, hemolymph derived from larvae challenged with an intrahemocoelic dose of approximately 10 Y. entomophaga, Y. entomophaga ⌬TC variant, or Y. entomophaga YENA1GFP cells was examined by microscopy. At 24 h postinjection with 10 Y. entomophaga YENA1GFP cells, the bacterial population in larvae held at 25°C had increased to (4.1 Ϯ 0.12) ϫ 10 4 CFU ml Ϫ1 of hemolymph. At this time point, the bacteria did not fluoresce and showed a typical cell morphology (ϳ2 m in length), and the hemocytes did not differ in appearance from those of the uninjected control. At 36 h postinjection, the larvae still appeared healthy and contained (2 Ϯ 0.27) ϫ 10 7 
CFU ml
Ϫ1 Y. entomophaga in the hemolymph (data not shown). A small number of cells were fluorescing, and these cells were irregular in shape or were elongated in comparison with their nonfluorescing counterparts (Fig. 3A and B) . The extracted hemolymph melanized after its removal from the larvae, and the hemocytes were of a regular form (Fig. 3A and B) . When the Y. entomophaga YENA1GFP hemocoelic cell density increased to (5 Ϯ 0.14) ϫ 10 8
Ϫ1 (ϳ48 h postinjection) and the larvae had yet to blacken, the extracted hemolymph did not melanize after removal. Microscopy of the sample revealed irregular, fluorescent Y. entomophaga YENA1GFP cells, with some of the bacteria closely associated with the hemocytes (Fig. 3C and D) . As the larvae exhibited signs of melanization and/or became moribund, Y. entomophaga and its derivatives became more irregular in form, with a range of bulging, spherical, and elongated cells (Ͼ30 m in length) observed; these were similar in form to those observed for Y. entomophaga(pGFPuvsp) (Fig. 2B to D) . As larvae became moribund, the prevalence of lipid vesicles (likely to be derived from fat bodies) increased, and hemocytes were less frequently observed. Where present, the hemocytes were amorphous in form. Approximately 48 h post-larval death, fluorescence of Y. entomophaga YENA1GFP decreased in intensity and was rapidly quenched by UV fluorescence. The use of Y. entomophaga(pGFPuvsp) allowed visualization of the various cell morphologies present post-larval death, when both larger (Ͼ50 m in length) amorphic cells and small, fluorescent spherical cells were also observed (Fig. 2B to D) .
In larvae maintained at 37°C that had been intrahemocoelically injected with Y. entomophaga YENA1GFP, a high proportion of the cells were nonfluorescent, small, and regular in form. At a cell density of ϳ(4 Ϯ 0.13) ϫ 10 8 CFU ml Ϫ1 of hemolymph, the bac- terial cells exhibited faint and transient fluorescence under UV microscopy (Fig. 3E) . Rarely, elongated cells not exceeding 10 m in length were observed. At a population density of (1.2 Ϯ 0.34) ϫ 10 9 CFU ml Ϫ1 of hemolymph or higher, bacterial cells in some of the larvae were present in discrete aggregates. In some instances, a subset of cells was transiently fluorescent, with the intensity of fluorescence rapidly quenched under UV light (Fig. 3E and F) . Few if any hemocytes were observed. Assessment of Y. entomophaga YENA1GFP in larvae 48 h post-larval death at a cell density of (2.2 Ϯ 0.13) ϫ 10 9 CFU ml Ϫ1 of hemolymph showed consistent fluorescence in a subset of bacteria (data not shown).
Cell counts of (2.1 Ϯ 0.38) ϫ 10 9 CFU ml Ϫ1 for Y. entomophaga and its derivatives were obtained from the hemocoelic fluid of G. mellonella cadavers maintained at 25°C at 48 h postlarval death. However, in larvae held at 37°C, bacterial counts were as high as (8.2 Ϯ 0.26) ϫ 10 9 CFU ml Ϫ1 . Plating of hemolymph from larvae at the various temperatures revealed only Y. entomophaga colonies, as did direct plating from larval macerates at 48 h post-larval death (data not shown).
In vitro growth assessment of Y. entomophaga in LB broth at either 25 or 37°C showed that the bacterial cells formed aggregates at 37°C but not at 25°C (Fig. 4A and B) . Electron microscopy identified polar fimbriae on a high proportion of the bacteria grown at 37°C (Fig. 4D) , with the fimbriae located at the leading edges of the bacterial aggregates (Fig. 4E, inset) . No fimbriae were observed by electron microscopy on Y. entomophaga cells grown at 25°C (Fig. 4C) .
Assessment of phenol oxidase activity. Throughout the course of the experiments, treated larvae darkened or became melanized with time ( Fig. 5A and B) . Assessment of PO activity of the hemolymph extracted from larvae injected with ϳ1,000 E. coli or Y. entomophaga cells or with ϳ150 ng of purified Yen-TC showed an initial 5-h PO response similar to that of the distilledwater-only control (Fig. 5E) . At 24 h postinjection, the PO levels in the E. coli and the sterile-distilled-water-only control remained elevated, while PO levels of the Yen-TC-or Y. entomophaga-injected larvae had declined by at least 2-fold (Fig. 5E ). This decline in PO levels coincided with a visual deterioration and decrease in hemocyte numbers. Furthermore, observations of the extracted hemolymph at 24 h (at a cell density of [2 Ϯ 0.14] ϫ 10 8 CFU ml Ϫ1 ) showed that, unlike the distilled-water-only or E. coli treatments, the extracted hemolymph did not melanize with time ( Fig.  5C and D) , indicating inactivation of the hemocytes.
To further examine the interaction between Y. entomophaga and the G. mellonella larval hemocytes, hemocoelic fluid was examined using confocal microscopy 2 h postinjection of ϳ1,000 Y. entomophaga(pGFPuvsp) cells. The bacteria were found to be associated with and contained within the hemocytes ( Fig. 6A and B ; see Movie S1 in the supplemental material). In addition, some of the bacteria appeared to be budding (Fig. 6B) . Confocal micros- copy of larvae following either intrahemocoelically injected water (Fig. 6C ) or ϳ400 ng of purified Yen-TC showed that the hemocytes in Yen-TC-treated larvae were irregular in shape and appeared ruffled (Fig. 6D) relative to the water-only control.
DISCUSSION
This study showed that when G. mellonella larvae were maintained at 25°C, the mean Ϯ SEM 5-day per os LD 50 was (4.78 Ϯ 0. CFU per larva, of the Y. entomophaga ⌬TC Yen-TC deletion derivative caused only 27.1% mortality. Over the same period, a per os dose of ϳ4 ϫ 10 7 CFU of the Y. entomophaga ⌬TC variant per larva was ineffective against early third-instar C. zealandica larvae (3). This reduced activity may reflect the different host system and/or the lower C. zealandica bioassay temperature of 15°C. In G. mellonella larvae maintained at 37°C, the per os efficacy of ϳ2.4 ϫ 10 8 Y. entomophaga cells was (15.6% Ϯ 4.6%), slightly lower than the efficacy (27.1%) of the same dose of the Y. entomophaga ⌬TC variant in larvae maintained at 25°C. Although this could reflect an alteration in the insect metabolism or differences in immune response at 37°C relative to 25°C (26) , it more likely correlates with the absence of Yen-TC release at 37°C (3). At 37°C, fewer than 1,000 Y. entomophaga cells were isolated from the G. mellonella larvae at 36 h post-maximum per os challenge, with many samples containing no Y. entomophaga cells, leading to the conclusion that the bacterium has been voided from the insect intestine by this point. In the absence of the Yen-TC release, the ability of the bacterium to gain access to the insect hemocoelic cavity, where it would multiply, is significantly reduced. In addition, the low level of Y. entomophaga lethality at 37°C or the Y. entomophaga ⌬TC variant at 25°C, at a per os dose of ϳ4 ϫ 10 7 CFU per larva, indicates that other non-Yen-TC factors may also contribute to the invasion of the bacterium into the insect hemocoelic cavity.
Supplementation of the larval diet with low levels of purified Yen-TC restored per os efficacy of the Y. entomophaga ⌬TC variant. This result further validated the hypothesis that Yen-TC is the main Y. entomophaga per os virulence determinant. Previous studies showed that C. zealandica larvae administered a sublethal dose can recover from disease, indicating that the effect of the Yen-TC is transient (3) . In the context of the current study, it is more likely that augmentation of the diet with a sublethal Yen-TC dose causes a partial or transient dissolution of the larval gut, enabling Y. entomophaga to access the insect hemocoelic cavity. Based on the intrahemocoelic LD 50 , entry of as few as 3 to 6 cells into the hemocoelic cavity may be all that is required to cause disease. In support of this, we noted that by 24 h post-maximum per os challenge with Y. entomophaga(pGFPuvsp), the bacterium had breached the intestinal lining, with several cells observed in the hemocoelic cavity. Despite using a different bacterial system, comparison can be made with the study of Fedhila et al. (27) , who assessed Cry1C toxin-deficient strains of Bacillus thuringiensis and Bacillus cereus in combination with, or in the absence of, the insect-active Cry1C toxin. Significantly greater mortality occurred when either of the strains was administered per os to G. mellonella larvae in combination with the Cry1C toxin than when administered on their own. The authors suggested that these bacteria have specific genome-encoded intestinally adapted virulence factors.
In this study, the yenA1-gfp fusion derivative was nonfluorescent in the first 24 h of infection of G. mellonella larvae maintained at 25°C but fluoresced once the bacterial population density reached a critical level (4 ϫ 10 7 CFU ml Ϫ1 ) in the hemocoel prior to melanization of the cuticle. The fluorescence intensity then decreased as the insect became moribund. We also noted a range of bulging, spherical, and elongated cells as the disease progressed, similar to those observed by microscopy of Y. entomophaga and the Y. entomophaga ⌬TC variant. The isolation of only Y. entomophaga from both the hemocoelic fluid and the larval macerates confirmed that the observed fluorescent cells were most likely to be Y. entomophaga. The role of the multiple Y. entomophaga forms in the hemocoelic cavity has yet to be determined. Elongated Photorhabdus temperata cells, 50 to 170 m in length were observed in the infected larval hemolymph of the Colorado potato beetle Leptinotarsus decemlineata and are thought to take on this form in response to stress (28) . The human urinary tract pathogen Proteus mirabilis also differentiates into large "swarm cells" 20 to 80 m long (29, 30) , which when grown in vitro, are 10-fold more cytolytic than normal vegetative cells (31) . The larger Y. entomophaga cells present at the time when hemocytes are no longer observed may have an alternate function, such as limiting grazing from other organisms, like protozoa.
In contrast, the Y. entomophaga cells in the hemocoelic fluid of larvae maintained at 37°C were of a regular small morphology, with elongated cells rarely observed. When Y. entomophaga YENA1GFP reached a mean Ϯ SEM cell density of (1.2 Ϯ 0.34) ϫ 10 9 CFU ml Ϫ1 , bacterial aggregates were observed (Fig. 3F) . Based on the presence of polar fimbriae and aggregates of Y. entomophaga cells grown in LB broth at 37°C (Fig. 4D and E) , we propose that these bacterial aggregates are interconnected via the polar fimbriae.
Sonicated cell extracts of Y. entomophaga grown at 37°C were previously shown to be insect active (3) , and in this study, cells of Y. entomophaga YENA1GFP grown in LB medium at either 25 or 37°C were fluorescent and were of an irregular or small size, respectively (see Fig. S1 in the supplemental material). It is therefore interesting that there was nominal fluorescence within the insect hemocoel in the initial stages of infection of larvae maintained at 25°C, while at 37°C, only faint and sporadic fluorescence was observed in larvae throughout the disease process, but consistent fluorescence was observed in a subset of bacteria in the moribund larvae. The highest level of fluorescence was observed at a similar bacterial population density (5 ϫ 10 8 CFU ml Ϫ1 ), regardless of the temperature, and this may indicate a population density-depen- 
